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daily living [2,3]. This impacts both daily living and well-being [4]. 
Research has shown that high intensity, repetitive, goal-orientated treatment strategies are 
important therapeutic components for recovery of upper limb function following stroke (see 
[1,5]).  Functional  electrical  stimulation  (FES)  is  a  promising  therapeutic  treatment  that 
complements these strategies, as it allows repetitive training of precise movements despite 
muscle weakness and paralysis often found post-stroke [5]. To date, most research has used 
one  or  two  channel  systems  in  which  one  or  two  muscle  groups  of  the  upper  limb  are 
stimulated (usually a combination of the wrist extensors, triceps or deltoids). These studies 
have shown that FES treatments can be effective in improving upper limb motor function 
(e.g.,  [6-11]).  For  example,  [12]  showed  that  10  weeks  of  accelerometer-triggered  FES 
applied  to  the  elbow,  wrist  and  finger  extensors  improved  Action  Research  Arm  Test 
(ARAT) scores by 13 points from 19 to 32. However, although systems employing assistive 
devices, such as FES, may allow patients to practice upper-limb movements for longer, it has 
been suggested that these technologies may inadvertently reduce the voluntary effort patients 
exert during training [13], thus failing to optimise motor learning [6,14]. 
One  way  of  maximising  voluntary  effort  during  training  is  to  employ  an  idealised 
representation of the desired movement, and then adjust the applied FES signals to more 
accurately achieve it while carefully controlling the amount of FES supplied. This has been 
demonstrated using iterative learning control (ILC), which uses data from previous attempts 
at a task to update the FES control signal on the current attempt. ILC employs a desired 
‘reference trajectory’ for each joint angle, together with a biomechanical dynamic model of 
the arm’s response to FES, in order to adjust the applied stimulation signals so that the error 
between the patient’s joint angle profiles and the set of reference trajectories is reduced over 
successive  attempts  [15-17].  Reduction  in  error  thereby  corresponds  to  improved 
performance. By carefully weighting the balance between stimulation and error magnitudes 
in  an  appropriate  objective  function  [16],  ILC  reduces  the  supplied  FES  in-line  with  the 
increase in performance, thus encouraging the participant to exert increased effort to optimise 
motor learning. 
The work presented in this paper is the culmination of a series of clinical and engineering 
research projects within our ILC programme [15-21]. The technique has evolved from single 
muscle  stimulation  during  planar  reaching  following  a  moving  target  [16,18],  through 
stimulation of two muscle groups to generate 3D arm movements in a passive robot using 
virtual  reality  tracking  tasks  [15,20].  Studies  using  both  of  these  techniques  showed 
significant improvements in both tracking performance and scores on the Fugl-Meyer (F-M) 
assessment, but not in scores for the ARAT. The non-significant findings on the ARAT were 
likely due to the wrist and hand not receiving any stimulation. To address this, the current 
work includes FES modulated by ILC that is extended to the wrist and finger extensors to 
assist with wrist extension and opening of the hand during the performance of functional, 
whole arm tasks with real objects. 
The current system is a major advancement since it embeds previous work [15,16,18-20], but 
employs  significant  extension  to  the  tasks,  underlying  biomechanical  model  and  control 
algorithms  [21].  In  addition,  the  system  incorporates  non-invasive,  markerless  sensing 
technology with the aim of eventual transference to home use. and wrist extensors. An electro-goniometer over the wrist joint and a Microsoft Kinect 
captured the participant’s movements. The bubble displays the task template customised to 
each participants arm length. Green = button located at 60% of arm length; Blue = button 
located at 80% of arm length; Red = button located at 75% of arm length, 45° to the impaired 
side; Yellow = button located at 75% of arm length, 45° across body; small yellow circles = 
location that object was grasped from and repositioned to (60% and 95% of arm length). The 
cabinet housed the light switch tasks (located at 75 and 80% of reach for the high and low 
light switch tasks respectively); the draw task (located at 80% of reach) was on the reverse 
side of the cabinet. 
A Microsoft Kinect® (Microsoft, Washington, USA) and electro-goniometer (Model SG75, 
Biometrics Ltd, Newport, UK) placed over the wrist joint were used to measure the position 
of  the  shoulder,  elbow  and  wrist.  Arm  position  data  were  combined  with  a  kinematic 
description  of  the  upper  limb  to  compute  relevant  joint  angles  (see  [16]  for  details).  To 
simplify the biomechanical model and achieve computationally tractable controllers, the joint 
axes  in  this  kinematic  description  were  chosen  to  encompass  the  movement  elicited  by 
stimulation.  In  particular,  it  was  assumed  that  anterior  deltoid  contraction  produced 
movement about an axis that is fixed with respect to the trunk. While this neglects shoulder 
adduction-abduction and internal-external rotation, results in [22] confirm a satisfactory level 
of accuracy over the range of tasks considered in this paper. This axis was identified by 
slowly ramping the applied FES to activate the muscle and then fitting a plane to the resulting 
position data of the elbow in 3D space using least squares optimisation (see [20-22]). To 
provide ideal reference  trajectories  for each joint, kinematic data were collected from 14 
unimpaired adults performing the same tasks, and averaged joint reference trajectories were 
extracted  (see  [23]  for  full  details).  The  ILC  algorithms  used  the  error  between  the 
participant’s measured joint angles and the reference trajectories to update the FES control 
signal applied to each muscle group. As in our previous research, this update is computed 
using a biomechanical model of the stimulated arm, and balances tracking performance with 
the  amount  of  FES  provided  [16].  This  hence  promotes  maximum  voluntary  effort.  The 
frequency  of  stimulation  was  fixed  at  40Hz  in  all  tests,  and  the  FES  control  signal 
corresponded to the pulsewidth of the stimulation channels and was adjusted in real-time by 
the ILC algorithm. A custom made graphical user interface was used to select appropriate 
tasks and monitor training. For safety purposes an over-ride ‘stop’ button terminated trials 
with immediate effect. 
The rehabilitation system incorporates five main functional tasks that span a 3-dimensional 
workspace and offers a range of reaching and grasping challenges requiring different amounts 
of shoulder, elbow and wrist extension and hand movement (see Figure 1). They comprise 
closing  a  drawer,  pressing  a  light  switch  (located  at  90°  or  115°  of  shoulder  elevation), 
stabilising  an  object,  pressing  a  button  (placed  at  one  of  four  different  locations  in  the 
workspace) and lifting to reposition an object. Objects can be placed at different locations on 
the  table  corresponding  to  percentages  of  arm  reach  (60%,  75%,  80%,  95%),  and  either 
directly in line with the shoulder or 45° to either side (see Figure 1). The table displaying a 
customized workstation was at a distance of 45% of arm length away from the gleno-humeral 
joint and 35 cm below the arm when held 90° horizontal to the shoulder. the clinical assessment measures (defined as 10% of the value of the scale) for only one 
participant.  In  addition  to  measured  quantitative  outcomes,  participant  feedback  provided 
positive qualitative responses. 
An important finding from this study is that, in this sample of chronic stroke patients both the 
primary  outcome  measures,  F-M  and  ARAT  scores,  showed  statistically  significant 
improvements from pre to post intervention. Thus, following the intervention participants 
showed reductions in motor impairment and were able to perform more functional motor 
activities. The same intervention period of one hour was used to facilitate comparison with 
previous work using ILC mediated FES which showed statistically significant improvements 
only in the F-M assessment and not the ARAT [18,20]. This has been attributed to the fact 
that in these studies wrist and hand extensors were not specifically trained, with only the 
triceps and/or anterior deltoid being stimulated. Indeed, upper limb treatments and therapies 
are  suggested  to  be  location  specific  [29].  Training  of  the  shoulder  and  elbow  will  only 
improve motor impairment in the shoulder and elbow [18,20], just as training of the wrist and 
finger extensors shows improvements in hand function [12]. As such, to achieve functional 
changes the whole upper limb should be considered in training. This study set out to address 
this by incorporating  ILC mediated wrist and finger stimulation, and the results are very 
promising to the recovery of whole arm functional movements. 
Nevertheless, despite observing an improvement and participants reporting greater ability to 
perform everyday tasks at home, such as lifting, stabilising and pressing light switches, it was 
still  evident  that  fine  finger  movement  was  required  to  optimise  transfer  of  the  benefits 
observed to activities of daily living. There has been significant interest in using wrist arrays 
in recent years [30], with existing control methods embedding simple rule-based selection of 
suitable  sites  in  order  to  produce  the  greatest  level  of  appropriate  movement,  while 
minimizing undesired effects [31-34]. Such approaches have demonstrated the potential to 
generate  selective  movement,  but  are  slow  and  imprecise  since  they  do  not  exploit  an 
underlying dynamic model linking FES and resulting motion. Moreover, to-date there have 
been no feasibility studies in a clinical rehabilitation setting. ILC on the other hand has been 
shown to provide more precise control of hand and wrist movement by employing a model of 
the hand and wrist, and learning from past experience [21]. Work is currently underway to 
integrate the model-based array ILC framework of [21] into the current system to produce 
fine finger movements during training of everyday tasks [35]. This will extend the theoretical 
and  practical  implications  for  stroke  rehabilitation  demonstrated  in this  paper  so  that  the 
effectiveness of therapy is maximised. 
Another important finding that supported the observation that participants motor function 
improved over the intervention period was that as the sessions progressed the amount of arm 
support that participants required to complete the FES-assisted tasks was reduced. Crabbe et 
al.  [36,37],  made  a  similar  observation  in  their  studies  in  which  the  level  of  gravity 
compensation stroke participants required to complete reaching tasks was shown to decrease 
over the course of 18 gravity compensated reach training sessions and the number of tasks 
completed in each session increased. Motor learning theory suggests that as skill improves, 
expectations  relating  to  performance  increase.  Accordingly,  to  generate  a  challenge  for 
learning, task difficulty must increase [38]. In the current study, not only did arm support 
levels provide participants with an indication of performance throughout the sessions, but it 
also allowed for the progression of training. Each time participants were able to consistently 
complete a task the arm support level was reduced. This served to make the task harder; the 
ILC algorithms would then adapt to facilitate performance whilst still encouraging increased Figure 1Figure 2Figure 3Figure 4